We present theory and measurements of disorder-induced losses for slow-light photonic crystal waveguides. Our calculations and measurements explain how Bloch mode engineering can substantially reduce losses for the same slow-light group velocity regime.
Introduction
Photonic crystal (PC) waveguides, formed by introducing line defects in a PC lattice, are capable of slowing down guided light by orders of magnitude. The slow down factor leads to enhanced light matter interactions [1] , which has a wide variety of applications in various fields such as nonlinear optics [2] and quantum optics [3] . However, it is now known that unavoidable manufacturing imperfections cause considerable disorder-induced scattering losses [4, 5] . Previous models that include the dominant effect of backscattering [6] and multiple scattering [7] have explained the qualitative features of disorder-induced losses as a function of group index and frequency (see also [8, 9] ). The slow-light behaviour of a PC waveguide is modified via slight changes to the underlying periodical structure which in turn modifies the bandstructure. These modifications also change the spatial profile of the underlying Bloch mode that samples the regions of structural disorder. Recently, Juan et al [10] have used dispersion engineered slow-light PC waveguides to experimentally demonstrate a significant reduction in losses for the same group index regime.
In this work, we apply an incoherent multiple scattering theory [11] to compute the ensemble averaged loss for state of the art dispersion engineered PC waveguides, based on the sample designs reported in [10] . Using three different waveguide designs, we obtain a good qualitative agreement between theory and experiment using no fit parameters. 
Sample Design and Theoretical Model
A schematic of the PC waveguide design is shown in Fig. 1(a) , where the first row of holes can be laterally shifted and some of the hole radii can also change. Specific parameters are given in the figure caption. For the samples, we use GaInP dielectric membranes with a PC waveguide length of 1.5 mm. An efficient coupler is attached to the ends of the waveguide. The delay-line design is created by using an anti-symmetric shift of the first row of holes [10, 12] . Disorder-induced losses in PC waveguides depend on backscattering and radiation losses, with backscattering being the dominant mechanism [6] . The ensemble averaged backscattering loss per primitive unit cell [6] is
where the integral runs over a primitive unit cell, e k (r) is the Bloch mode, a is the pitch, v g is the group velocity, and Δε(r) represents the structural disorder. The bracket term · · · refers to an ensemble average. The ensemble averaged radiation loss per unit cell, α rad (ω) , is derived similarly [7] . The two most widely used statistical parameters for characterizing disordered holes are the standard deviation or rms roughness σ = 3 nm and the intrahole correlation length l c = 50 nm, which we estimate from the images of our samples. To account for multiple scattering, we utilize incoherent coupled mode theory to extrapolate the loss to a finite length waveguide [11] .
Results
The three waveguide designs: reference, delay line, and n g -improved are studied in turn (see figure caption) . In Fig. 1(b) we show the experimental and theoretical dispersion for the fundamental waveguide mode of each designs. We also show the theoretical result for the standard W1 waveguide (i.e., a simple missing row of holes), which is similar to the reference design. The delay line offers a bandwidth of 2 THz with minimal group index variation. The loss spectrum for the waveguides is plotted in Fig. 1(c) . For a given group index of n g = 20, the effect of waveguide design is substantial as the delay line and n g -improved waveguide have losses of around −5 dB, which is one order of magnitude lower loss than the standard reference waveguide, −15 dB. Moreover, the delay line experiences different losses for the same group index, which we show here both experimentally and theoretically.
To better highlight the important role of multiple scattering, we show the Beer Lambert result (single scattering); for all the waveguide designs, single scattering significantly overestimates the losses. We will also present a study of intrahole correlation length and show that, contrary to claim made recently in [9] , we obtain good quantitative agreement using a correlation length much smaller than the circumference of the hole (consistent also with measurements). In fact, for the delay line, we find that increasing correlation length merely scales the losses and does not give us a better fit versus frequency or group index, and we will explain how the influence of correlation length is quite different for different waveguide designs.
Summary
We present a design approach to significantly reducing disorder-induced scattering for PC waveguides and obtain very agreement with theory using an incoherent multiple scattering approach. These experimental and theoretical results show promise for how to systematically reduce losses in the slow-light regime for PC waveguides.
